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Effects of peritubular oncotic pressure
on rat proximal tubule electrical resistance
JOHN F. SEELY
Renal and Electrolyte Division, Department of Medicine, Royal Victoria Hospital and McGill University,
Montreal, Quebec, Canada
Effects of peritubular oncotic pressure on rat proximal tubule
electrical resistance. The effects of peritubular oncotic pressure
changes upon the electrical resistance of the rat proximal tubule
were studied by cable analysis of voltage attenuation experiments
during normal capillary blood flow and following peritubular
capillary perfusions containing varying concentrations of Dcx-
tran or albumin. Hypooncotic and hyperoncotic perfusions led
to significant decreases and increases in the electrical resistance
respectively. Approximately isooncotic solutions had no signifi-
cant effects. Saline-loading led to a significant reduction in late
proximal tubule resistance (approx. 10%), the magnitude of the
effect being consistent with the effects of peritubular colloid sub-
stitution. The results support the view that oncotic pressure
regulation of net proximal salt and water reabsorption is me-
diated by changes in the ionic permeability of the epithelium,
probably via changes in the leakiness of the tight function.
Effets de Ia pression oncotique péritubulaire sur Ia résistance
électrique du tube proximal du rat. Les effets des modifications de
Ia pression oncotique péritubulaire sur Ia résistance électrique
du tube proximal du rat ont été étudiés par des experiences
d'atténuation de voltage, interprétées selon Ic modéle du cable,
quand Ic debit sanguin dans le capillaire péritubulaire est normal
et après des perfusions capillaires contenant des concentrations
variables de Dextran ou d'albumine. Les perfusions hypo et
hyperoncotiques ont conduit a des diminutions et a des augmen-
tations respectives significatives de Ia résistance électrique. Des
solutions approximativement isooncotiques n'ont pas eu d'effets
significatifs. L'expansion a déterminé une reduction significative
(—.' 10%) de la résistance du tube proximal terminal, l'intensité de
l'effet était compatible avec les consequences de Ia substitution
oncotique péritubulaire. Les résultats sont en faveur du fait que
Ia regulation par Ia pression oncotique de Ia reabsorption
proximale de sd et d'eau ait comme médiateur les modifications
de Ia permCabilitC ionique de l'épithélium, par l'intermCdiaire
probable des fuites a Ia jonction serrée.
A large body of evidence has accumulated in recent
years which suggests that the peritubular capillary oncotic
pressure plays a major role in the control of salt and water
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reabsorption in the proximal tubule [1—121. Thus elevation
of peritubular protein concentration by intraarterial [6] or
selective peritubular capillary infusions [9] is accompanied
by an increase in proximal fluid reabsorption, while
selective reduction in capillary oncotic pressure leads to an
inhibition of proximal transport [5, 7, 9]. Furthermore,
Brenner, Troy and Daugharty (10] have shown in the rat
that the reduction in proximal sodium reabsorption that
follows a saline infusion can be attributed almost entirely
to the attendant reduction in peritubular colloid concentra-
tion. Conversely, increases in proximal fluid transport
following depletion of intracellular volume have been
attributed to a rise in peritubular capillary oncotic forces
[12]. The mechanism whereby colloid osmotic pressure
changes can affect net transport rates is a subject of
considerable current interest.
Electrophysiological experiments of Boulpaep [13] first
demonstrated that saline-loading in Necturus leads to
profound changes in the permeability properties of the
proximal tubule as reflected by a marked decrease in the
transepithelial electrical resistance. Since the electrical
resistance appears to be primarily determined by the
properties of an extracellular transepithelial or shunt path
[13—20], this suggested that net sodium transport diminished
because of an increase in the rate of passive backleak
through the shunt path [13]. This hypothesis was supported
by the finding that permeability to the large molecular
weight nonelectrolyte raffinose was greatly increased in the
saline-loaded animal [13]. These two lines of evidence
derived from saline-loading experiments suggested there-
fore that alterations in peritubular colloid osmotic
pressure were affecting net sodium transport via changes
in the transepithelial permeability properties of the proxi-
mal tubule. The present experiments were therefore designed
to examine specifically the effects of selective changes in
peritubular oncotic pressure upon the electrical resistance
of the proximal tubule. The results support the view that
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the passive permeability properties of the proximal tubule
are directly affected in the manner predicted by changes in
peritubular colloid concentrations.
Methods
Acute experiments were performed on 200 to 300 g male
Sprague-Dawley rats, anesthetized with i.p. mactin
(100 mg/kg body wt). Polyethylene catheters were placed
into two jugular veins for intravenous infusion and lissa-
mine green dye injections, and into a femoral artery for
recording of systemic blood pressure. A tracheotomy was
performed and urine allowed to drain freely from a
suprapubic cystostomy. Animals were placed on a heated
animal table and body temperature maintained at
37±0.5°C. A continuous infusion (0.02 mI/mm) of a
modified Tyrodes' solution (composition in mmoles/liter:
Na 150, K 5, Ca 1.8, Mg 0.5, Cl 130, HCO3 25, H2P04 1.2,
glucose 5) was administered throughout the experiment.
The left kidney was dissected free of surrounding adventitia
through a flank incision and mounted in a lucite holder.
A small portion of the surface was decapsulated and
continuously bathed with warmed Tyrodes' solution
(37° C) held in a shallow well by a Tyrodes' agar gel around
the kidney. Transit time measurements [21], using lissa-
mine green dye injections, 0.05 ml of a 10% solution, were
used to identify early and late proximal segments since
previous studies [22, 23] have shown that the resistance
properties of the proximal tubule differ significantly in
the earliest convolutions from the later segments.
The electrical resistance of proximal convoluted tubule
segments was determined by cable analysis of voltage
attenuation experiments. The method used is schematically
illustrated in Fig. I. Two single-barreled Ling-Gerard
glass microelectrodes, prepared as previously described [24]
and filled with 2.5 M KCI, 0.5 M KNO3, were used to pass
short DC constant current pulses (10—6 amp x 1 sec) and
to record the etectrotonic voltage at three or more points
within the tubule segment. Usually the exploring electrode
(V) was initially placed 200 to 300 jim away from the
electrode used for current injection (I), then inserted at an
intermediate position, and finally as close as possible to
the injection site. Sharpened micropipettes (10 to 12 jim tip)
were used to perfuse the immediately adjacent peritubular
Fig. 1. Method used to measure voltage attenuation during pen-
tubular capillary perfusion.
capillary network with one or other of the test solutions.
The transepithelial voltage attenuation to current injection
was recorded at each impalement by the exploring elec-
trode, initially during normal capillary blood flow, then
during peritubular capillary perfusion, and finally follow-
ing a return to normal capillary blood flow before the
exploring electrode was withdrawn and reinserted at a
new position closer to the current electrode. The results
were only analyzed when and if stable voltage readings
were obtained to two or three consecutive current pulses
and when the results during normal capillary blood flow
before and after test perfusion were identical. All readings
were corrected for the resistance in the return circuit to
ground by subtracting the voltage recorded (2 to 3 mV)
when the current and exploring electrode were both in the
overlying bath outside the tubule. The corrected trans-
epithelial voltage readings were plotted as a log function of
the distance from the site of injection, and the slope (b) and
intercept (a) calculated for each segment by a least squares
linear regression analysis. The space constant (X), which
defines the distance from the current source at which the
voltage falls to l/e of its initial value at the intercept,
input resistance which defines the resistance at
the site of current injection, and resistance per unit length
of proximal tubule epithelium (rm) were calculated by the
following equations [25]:
0.434
b
—
antilog a
—
rm =2 X
(1)
(2)
(3)
Resistance per cm length was used rather than attempting
to calculate specific resistance since this method avoids the
uncertainties inherent in calculation of tubular epithelial
surface area. It has also been shown previously that the
measurement of resistance per unit length of tubule is
independent of changes in tubule diameter over a range of
15 to 25 pm when the diameter is increased by luminal
perfusion under pressure or by increases in ureteral pres-
sure (unpublished observations and [22]). The exploring
electrode was connected to a Ag/Ag Cl electrode in a
Bioelectric holder (MHI) and the input read on a Keithley
electrometer (600B) and recorded on a Grass polygraph
(7B). Constant current pulses were delivered to the current
electrode similarly mounted and connected to a stimulus
isolation unit (Grass 6A) and driven by a Grass stimulator
(S44).
The test solutions used to perfuse peritubular capillaries
were prepared with the identical Tyrodes' solution of the
composition given above. Variations in colloid osmotic
pressure were achieved by additions of Dextran Tl10
(Pharmacia) to achieve final concentrations (C) of 2.5,
4, 8 and 12 g/lOO ml, or crystalline bovine serum albumin
(Sigma) in concentrations of 2, 8 and 13 g/ 100 ml (latter
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after 24 hr equilibrium dialysis vs. Tyrodes' solution). The
oncotic pressure (it) of the various solutions was calculated
in mm Hg for Dextran [26] and albumin [27] from equa-
tions (4) and (5) respectively:
RTC 14C2 (4)
it = 2.8 c + 0.18 c2 + 0.012 c3. (5)
The weight average molecular weight Mw and number
average molecular weight Mn of the Dextran used were
100, 500 and 62,000 respectively. The total osmotic pressure
of all solutions used was measured prior to use and found
to vary between 290 and 300 mOsm.
A second series of experiments was performed to estimate
the effects of a saline load upon transepithelial resistance.
Voltage attenuation was determined in late proximal
segment of nine rats both in a control hydropenic phase
and following the infusion of Tyrodes' solution in amounts
equal to 10% body wt given at a rate of 0.2% body wt/min
and thereafter at 0.1 % body wt/min. Four or more different
segments were studied in each phase and the results averaged
for each of the two phases in all animals. The luminal
diameter of all segments studied was determined by ocular
micrometer. The statistical significance of the results was
in all cases calculated using Student's t test for paired
observations [28], using the identical nephron segment as
control in the case of capillary perfusions and the mean of
several observations from the same rat in the saline ex-
periments.
Results
The results of peritubular capillary perfusion upon
resistance per unit length (cm) of proximal tubule (rm) are
displayed in Figs. 2—7. A summary of the effects observed
on the various cable properties measured is given in
Table 1. It will be seen in Fig. 2 that perfusion with Tyrodes'
solution in the absence of added colloid led to a decrease
in rm in all segments studied regardless of whether the
initial value was high, reflecting the fact that experiments
were done on an early proximal segment, or low, when a
late segment was studied. It is noteworthy that capillary
perfusion with the approximately isooncotic 4 g/lOO ml
Dextran solution (Fig. 4) did not significantly alter the
1400
1200
T110
800
600
400
600 800
rm: Control, ohm-cm
1000 1200 1400
Fig. 3. Effects of peritubular capillary perfusion with Dextran
2,5 g/100 ml solution.
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Fig. 4. Effects of peritubular capillary perfusion with Dextran
4 g/100 ml solution.
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rm: Control, ohm-cm
Fig. 2. Effects of peritubular capillary perfusion with Tyrodes'
solution.
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rm: Capillary perfusion
8 g/100 ml Dextran 1110
Fig. 5. Effects of peritubular capillary perfusion with Dextran
8 g/100 ml solution.
Fig. 6. Effects of peritubular capillary perfusion with Dextran
12 g/100 ml solution.
electrical resistance and thus also served as a control for
the effects of capillary perfusion per se. Perfusion with
hypooncotic Dextran (2.5 g/l00 ml) (Fig. 3), or albumin
(2.0 g/l00 ml) shown in Fig. 7 led to similar proportional
decreases in rm. Conversely perfusion with the hyperoncotic
Dextran (8 g/lOO ml and 12 g/lOO ml) (see Figs. 5 and 6)
and albumin (13 g/lOO ml) (Fig. 7) in all cases led to in-
creases in epithelial resistance. Representative examples of
voltage attenuation in two proximal segments before and
200 400 600 800 1000 1200 1400 1600 1800
cm: Control, ohm-cm
Fig. 7. Effects of peritubular capillary perfusion with Dextran
2 g/100 ml and 13 g/100 ml albumin solutions.
during perfusion with colloid-free Tyrodes and hyperon-
cotic Dextran (12 g/100 ml) are shown in Fig. 8, The ex-
perimental results (rm) for each segment have also been
expressed as a percent of the control value obtained during
normal capillary blood flow in the segment. The mean
values for each of the perfusion solutions are shown in
Fig. 9 as a function of the calculated oncotic pressure for
each solution. The line joining the points has been drawn
freehand and is intended only to illustrate the general
trend of the results. It is clear that resistance is significantly
influenced both by hypooncotic and hyperoncotic per-
fusions, whereas the approximately isooncotic Dextran
(4 g/l00 ml) and albumin (8 g/l00 ml) solutions did not
signigicantly alter the cable properties of the proximal
tubule. It is readily apparent that only relatively small
decreases in oncotic pressure can lead to significant decrea-
ses in resistance and thus increases in transepithelial ionic
conductance.
It will be seen from the results of Figs. 2 to 7 that the
absolute magnitude of the effects of peritubular capillary
perfusion appeared to be proportional to the magnitude of
the initial control value and that early and late segments
showed a relatively similar response to oncotic substitution.
This similarity of response is particularly evident from the
results obtained with the 4 g/lOO ml Dextran solution in
which the experimental values are nearly identical to the
control values at all levels of initial resistance. These
results exclude the possibility that the marked differences
in rm between early and late proximal tubules could have
resulted from variations in the adjacent peritubular
capillary ionic or oncotic concentrations.
The effects of saline-loading on late proximal tubule
resistance are summarized in Table 2. Late proximal
Capillary perfusion
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Table 1. Effect of peritubular capillary perfusions upon proximal tubule cable properties
Solution H
mmHg
N n Input resis
iO oh
C
tance
m
E
Space constant
104cm
C E
Resistanc
ohmc
C
e/cm
m
F
Resistance/cm
%
E/C
Tyrode's 0 13 43 31.4a
1.7
28.8
1.6
1l8.Oa 108.8 746.8a
56.6
629.8 85.7k
1.7
Dextran
2.Sg/lOOml
13 4 16 33.Oa 30.9 111.1 NS 105.7 763.2a 678.1 88.3a
Dextran
4g/lOOml
27 10 34 30.4 NS 30.1 106.8 NS 107.9 655.6 NS 650.5
51.6
98.7 NS
Dextran
8 g/100 ml
88 5 16 28.6a
2.7
29.9
2.7
105.6b 109.4
5.8 6.0
591.Oa
58.5
639.7
60.7
109.Oa
1.5
Dextran
12g/lOOml
184 7 22 28.8a 32.6 105.4 111.8 612.la 734. 120.4a
Albumin
2g/100 ml
6.5 4 14 31.8a
3.2
29.5
3.0
103.2a 96.6
5.8 5.3
693.9a
117.1
601.6
99.4
86.9a
1.2
Albumin
8g/lOOml
40 3 11 26.9 NS 27.3 100.5 NS 106.6 563.3 NS 602.4
50.4
100.5 NS
Albumin
13 g/100 ml
93 6 16 29.Sa
1.1
33.0
1.1
9S.2 100.1
4.4 6.0
563.2a
36.9
657.0
44.3
116.5a
1,1
Values indicate mean I SEM.
100 200 0
104cm
tubules were selected to avoid the variation in rm associated
with distance along the proximal tubule. All animals
showed a marked increase in urine volume and a decrease
in end proximal transit time following volume expansion
(mean changes of 4.1 to 80.9 iil/min and 19.6 to 16.1 sec
respectively). There was a highly significant reduction in the
transepithelial resistance from 527.8 28.7 ohm-cm during
the control phase to 473.2 32.9 ohm-cm during the saline
loaded phase. This was reflected by a significant reduction
in from 29.4 x l0 ohm to 25.7 x io ohm (P<0.0l).
The space constant was not significantly altered (90.6 vs.
93.3 rim), a stability owing to the ensuing dilatation of the
tubule during the period of volume expansion. The mean
optical diameter significantly increased from 20.1 i.im in
Abbreviations: NS = not significant, H oncotic pressure,
E = experimental (perfused) phase.
a
b P<0.05.
40
20
10
0
6
4
\O
Control
\
C.,
0
Perfused
N = number of animals, n = number of tubules, C = control phase,
Fig. 8. Representative examples of voltage
attenuation in two proximal segments during
normal capillary blood flow and during
perfusion with colloid-free Tyrode's solution
200 (left-hand figure) and with Dextran 12 g/
100 ml solution (right-hand figure).
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Oncotic pressure and proxhnal tubule resistance 33
50 100 150
Oncotic pressure, mm Hg
Control Saline P
Space constant
jim
90.6 93.3 NS
Input resistance
io ohm
29.4 25.7 <0.01
Resistance/cm length
ohm-cm
527.8
28.7
473.2
32.9
<0.01
hydropenia to 24.6 jim following saline-loading (P<0.01).'
From Fig. 9, it can be estimated that a decrease in rm
(approx. 10%) comparable to that seen in the saline-loaded
state would require a reduction in peritubular oncotic
pressure of approximately 20 mm Hg. This degree of reduc-
tion is in fact remarkably close to the actual value of the
oncotic pressure difference in peritubular capillary per-
fusions (9 to 10 g/l00 ml albumin vs. 6 to 7 g/l00 ml
albumin: approx. 20 to 25 mm Hg) that Brenner et a!
found was required to normalize proximal fluid transport
in similarly saline-loaded rats [10]. This supports the
notion that the decrease in electrical resistance seen in the
saline-loaded animals is entirely consistent with the effects
of a reduction in the peritubular colloid concentration as
demonstrated above by selective capillary perfusion
techniques.
Discussion
The role of peritubular oncotic pressure in the regulation
of proximal salt and water transport has been well estab-
lished in recent years by a large body of evidence [1—121.
Using a variety of direct and indirect experimental appro-
aches it has become clear that the rate of sodium reabsorp-
tion varies directly with the peritubular colloid concentra-
tion [5—7, 9]. Moreover, Brenner et a! [10] have shown,
using selective peritubular capillary perfusion techniques,
that the reduction in proximal fluid transport that follows
a saline infusion can be attributed almost entirely to the
attendant reduction in peritubular protein concentration.
The mechanism whereby these changes in colloid con-
centration influence net sodium and water transport is
j suggested by the electrophysiological studies of the Nectu-
rus proximal tubule. Boulpaep showed that a saline load
in this species led to a marked increase in ionic conductance
as reflected by a large decrease in the electrical resistance
of the proximal tubule [13]. This led to the hypothesis
that the reduction in net transport rates seen after saline
loading resulted from increase in the passive backleak of
sodium from interstitium to lumen. This was thought to
occur via the tight junction and lateral intercellular spaces
in view of the evidence that the transepithelial resistance is
primarily determined by the properties of an extracellular
shunt route [13—20]. This conclusion derives chiefly from
a comparison of the permeability and resistance properties
of the epithelial cell membranes with those of the epithelium
treated as a whole and is supported by recent studies in the
amphibian gall bladder [29, 301. Moreover the view that
the observed changes in electrical resistance after a saline
load reflected alterations in the passive permeability
properties of the epithelia was supported by the finding in
Necturus [13] that the increase in electrical conductance
directly correlated with the increase in permeability to
sodium chloride and was also accompanied by a significant
increase in the permeability to raffinose which is thought
to permeate epithelia via noncellular channels. Lorentz,
Lassiter and Gottschalk [31] have also subsequently shown
that there is an increased leak from the tubular lumen of
various other nonelectrolytes with large molecular weights
following a hypertonic saline infusion.
The evidence relating permeability changes of the epithe-
hum to the effects of a saline load, together with the
additional line of evidence previously referred to demon-
strating that saline inhibits proximal transport via a reduc-
tion in the oncotic pressure of the peritubular bed, suggested
therefore that the permeability effects were directly related
to changes in peritubular oncotic pressure. The present
experiments have confirmed the previous finding [13] in
the amphibian kidney that rapid extracellular volume
expansion leads to a decrease in the electrical resistance of
the proximal tubule. The results of capillary perfusion
moreover clearly establish that the electrical resistance,
which is a measure of ionic permeability, is significantly
r,, (Perfused/Control)
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0//0
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0
Fig. 9. Effects ofperitubular oncotic pressure upon proximal tubule
electrical resistance.
Table 2. Effects of saline on late proximal cable properties
1 Note that dilatation of the tubule alone has previously been
shown (unpublished observations and [22]) to lead to a
prolongation of the space constant and to a reciprocal decrease
in the input resistance whereas resistance per cm length is not
significantly altered. The effects of saline-loading upon the
space constant, resistance per cm length being reduced there-
fore tending to reduce )., are thus cancelled out by the tubule
dilatation while both factors contribute to the reduction in the
input resistance that was seen.
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affected by changes in the peritubular oncotic pressure in
the manner predicted from the saline experiments. The
magnitude of such effects is also compatible with the view
that the effects of a saline infusion are entirely attributable
to the changes in peritubular oncotic pressure. It is of note
that the changes in electrical resistance are relatively
limited in extent since both the absence of colloid and the
presence of extremely high oncotic pressures led to decre-
ases and increases in resistance of only 15 to 20% respecti-
vely. Others have shown that absence of colloid in the
surrounding medium leads to approximately a 50%
reduction in net rate of proximal tubule fluid transport
[7, 9]. This apparent discrepancy probably results from the
fact that the net rate of sodium transport is but a small
proportion of the sum of the bidirectional fluxes. The rate
of backleak of sodium from interstitium to lumen may be
as much as two thirds of the undirectional efflux of sodium
out of lumen and is therefore several times greater than the
net reabsorptive rate [32]. For this reason, small increases
in the rate of backleak can be expected to have relatively
large effects on the net transport rate. The fact that changes
in undirectional fluxes appear to be small in comparison
with the resting value may also account for the failure to
show significant effects on the permeability to sodium in
the perfused rabbit proximal tubule when colloid was
removed from the bathing medium [33]. This conclusion
is supported by the fact that in that study the resulting
inhibition in net fluid transport under the same conditions
could be directly correlated with increases in permeability
to sucrose. A small change in the permeability of the
epithelium might be expected to produce relatively larger
effects on sucrose than on sodium since the former molecule
is normally far less perrneant. Boulpaep also found in his
studies in Necturus [13] that the increase in permeability
to raffinose after a saline load was approximately twice as
great as that to sodium chloride. The lesser permeability
to sodium chloride in the amphibian kidney than in the
mammal may also account for the fact that the resistance
effects of saline were appreciably larger relative to those
recorded in the present study in the rat.
In conclusion, the present experiments provide direct
evidence that the ionic permeability of the proximal
tubule is significantly modified by the oncotic pressure of
the adjacent peritubular capillaries. Since the electrical
resistance is primarily determined by the properties of the
extracellular shunt route, which is thought to have its
morphological counterpart in the lateral intercellular spaces
and tight junction, this evidence also suggests that such
effects are mediated by changes in the leakiness of the
tight junction. It has recently been demonstrated that such
junctions permit entry of lanthanum [34] and thus cannot
be presumed to be perfectly "tight" to ionic movements.
In view of the current model for sodium transport, which
attaches major importance to active sodium transport into
the lateral intercellular spaces [35], it is readily apparent
that the efficiency of such a transport system will be
closely related to the backleak through the tight junction.
How changes in peritubular oncotic pressure mediate
their effects on the permeability of the extracellular shunt
route has not yet been established. It is clear that the
presence of the capillary endothelium is not essential to
these effects since hypooncotic solutions also significantly
retard net fluid transport in the isolated perfused proximal
kidney tubule. Moreover Welling and Grantham [36] have
shown that protein can exert significant osmotic effects
across the basement membrane of the tubular epithelium.
It is conceivable therefore that a reduction in the peritubu-
lar oncotic pressure by inhibiting the removal of tubular
reabsorbate leads to an expansion of the basal labyrinths
and intercellular spaces, which in turn is associated with a
relative opening of the tight junction.
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